Abstract-New zeroth-order resonators (ZORs) are utilized as parasitic elements to enhance a microstrip antenna's bandwidth. By utilizing mushroom T/L shaped resonators, extra resonances are generated. Then, by merging the resonances of the microstrip antenna and the T/L shaped resonators, a wideband antenna is obtained to cover the 5.15-5.35 GHz wireless local area network (WLAN) band. As the ZORs are embedded in the patch of the microstrip antenna, the usages of the parasitic elements do not increase the antenna size. Moreover, as one ZOR resonance is lower than the microstrip patch resonance, a compact antenna is realized. The patch size is decreased from 0.27λ c ×0.42λ c ×0.027λ c of the reference microstrip antenna (RMA) to 0.25λ c × 0.40λ c × 0.026λ c of the proposed ZOR based microstrip antenna, where λ c is the wavelength of their corresponding lower cutoff frequencies. The proposed antenna was fabricated and measured. The simulated and measured −10 dB impedance bands of the proposed antenna are 5.06-5.40 GHz and 5.07-5.42 GHz, respectively. And, its bandwidth increases 70% compared to the RMA. The simulated and measured patterns are stable in the whole operating band. The gains of 4.73 dBi and 4.24 dBi are measured at the ZOR modes, and 7.88 dBi is measured at the microstrip patch mode.
INTRODUCTION
With the rapid development of wireless communication technology, many systems need miniaturized and broadband antennas. The U.S. Federal Communications Commission (FCC) announced the allocation of three 100 MHz bands in the 5 GHz band for the use as a U-NII (unlicensed national information infrastructure) band to provide fast turn-on and high-speed wireless data communications. Three 100 MHz frequency bands are 5.15 ∼ 5.25 GHz for the provisions of its EIRP not more than 23 dBm and suitable for indoor wireless communications, 5.25 ∼ 5.35 GHz band that provides EIRP not more than 30 dBm for short-range communications, and 5.725 ∼ 5.825 GHz band that provides EIRP not more than 36 dBm for medium distance communication. The traditional microstrip antennas were widely used because of their many advantages, such as low profile, light weight, low cost, and easy construction [1] . However, the narrow impedance bandwidth (such as 2%) of a microstrip antenna has become a major restriction for practical application [2] . In order to overcome this shortcoming, bandwidth broadening microstrip antenna technologies have been studied. Parasitical patches were utilized to generate multiresonances with a bandwidth 12.6%, but the antenna size is large [3] . The technique of decreasing Q value by low permittivity (air gap), thick substrate and capacitive feeding is used for bandwidth enhancement [4, 5] ; however, the antenna's profile is high. In [6] , a butter fly shape patch increases the bandwidth from 11.41% to 21.50%. Though wideband can be obtained by the multi-layer structure and fold structure technologies the antenna profile and complexity are greatly increased [7, 8] . In [9] , a microstrip antenna is allied with rectangular waveguide for a 70% bandwidth, but the antenna is bulky.
Zeroth-order resonators (ZORs) are very small, and they are suitable for antenna applications. A novel ZOR structure loaded circular microstrip patch was proposed in [10] . The antenna had a monopole antenna radiation performance and effectively reduced the antenna cross-section and size. In [11] , new zeroth-order resonators (ZORs) were utilized as parasitic elements to enhance the bandwidth of a microstrip antenna, and the measured impedance bandwidth is increased from 56 MHz of the reference microstrip antenna to 133 MHz of the ZORs loaded antennas. However, the parasitic elements lead to antenna size enlargement. In [12] , a wideband folded mushroom zeroth-order resonance (ZOR) antenna combines the TM 010 (λ/2) mode and ZOR mode to obtain a wide bandwidth of 68%; however, due to the folding structure, the structure of the antenna is very complicated. In [13] , a hybrid zeroth-order resonance (ZOR) patch antenna also combined a TM 010 (λ/2) mode and a ZOR mode with a bandwidth of 3.3% while the E-plane HPBW of the proposed antenna was measured as 115 • and broadened by 53%, compared with that of the conventional rectangular patch antenna. In [14] , the antenna was loaded by ZOR and complimentary split-ring resonator (CSSR) units, and the antenna resonated at three frequency bands Similarly, in [15] , the zeroth-order and TM 10 modes of a composite right/left-handed (CRLH) mushroom resonator were investigated with regard to the number of cells. The structure also demonstrated multi-resonances.
In this research, the bandwidth of a microstrip antenna is enhanced by embedding T/L-shaped mushroom ZORs in the patch of an RMA. By merging the resonances of the ZORs and the microstrip patch modes the bandwidth of the proposed antenna is increased by 70%, from the microstrip antenna's 200 MHz to the proposed antenna's 340 MHz. As the ZOR structures are placed in the interior of the microstrip patch, the antenna size is unchanged with decreasing frequency, and the microstrip patch mode still has good performances.
ANTENNA DESIGN
The proposed antenna fed by a coaxial probe is shown in Figure 1 . It can be seen that the antenna consists of two parts. One part is the traditional rectangular microstrip patch, and the other is T/L- 
ANTENNA ANALYSES AND DISCUSSION
The material dispersion affects the propagation characteristics of the electromagnetic wave, and the material in nature has a positive dielectric constant and permeability [16] , while the metamaterials are dispersive, and their constitutive parameters can be zero or negative. As a class of metematerials, the ZOR's constitutive parameters reflect its characteristics. To verify the ZOR features of the embedded resonators, the constitutive parameters of the resonators are retrieved by the KramersKroning relationship based metamaterial parameters extraction method [17] . As demonstrated in Figure 3 (a), microstrip line based models are built to imitate the operational environment of the ZOR as in the microstrip antenna. The L-shape ZOR and L-shape ZOR models are established. The microstrip line uses the same substrate as the designed antennas. Figure 3 (b) exhibits the constitutive parameters curves of L-ZOR and T-ZOR. As shown in the figure, resonances occur for both the L-ZOR and T-ZOR as large mutations happen for the effective permittivity (ε reff ) and effective permeability (μ reff ) curves. For both L-ZOR and T-ZOR, as can be seen from the frequency-electrical parameter curve, the permittivity and permeability change with frequency. In particular, the dielectric constant shows a negative value near the resonance point, and their μ reff s are close to zero at the frequencies. Then, it can be judged that the embedded structures are ZOR resonators. As the three resonant modes of the proposed ZOR-based antenna correspond to different resonators, it is supposed that the L-shaped ZOR, microstrip patch and T-shaped ZOR dominate the three simulated matching pole frequencies independently. Current distributions indicate the operational mechanism of an antenna. Then, to reveal the characteristics of the proposed ZOR-based antenna, current distributions of the three resonances f = 5.10 GHz, f 1 = 5.25 GHz and f 2 = 5.39 GHz of the antenna are plotted in Figures 4(a), (b) and (c), respectively. As shown in Figure 4 (a), the currents of f = 5.10 GHz are mainly concentrated in the L-shaped ZOR. From Figure 4(b) , the currents of f 1 = 5.25 GHz are focused at the microstrip patch especially at the left and right edges of the patch. In Figure 4 (c), the currents of f 2 = 5.39 GHz are concentrated in the T-shaped ZOR. Then, it can be expected that the resonance frequencies can be adjusted by the parameters of their corresponding resonators. Though the currents of f , f 1 and f 2 mainly distribute at their corresponding resonators as also demonstrated in Figures 4(a), (b) and (c), there are still some currents spread to other resonators, meaning that modes couplings happen for the proposed antenna [18, 19] . For the T-ZOR/L-ZOR/microstrip patch resonator, they can be equivalent to RLC resonators [20] as described in Figure 4(d) . Most of the dissipated power (represented by the resistance R) of the resonators radiates to the space. However, some of the power is in the form of surface wave and travels on the patch surface, then, power interchanging (modes couplings) between the resonators happens as described in Figure 4 . The modes couplings will cripple the independency of the resonators. The impedance curves of the RMA and the proposed ZOR-based antenna are shown in Figure 5 . It is clear from Figure 5 (a) that the RMA has a resonance point that leads to good impedance matching around 5.3 GHz. From Figure 5(b) , L-shaped and T-shaped ZORs loaded structure resonates at three frequencies. Each resonance corresponds to one resonator. As half-wavelength resonator, the RMA mode has smaller Q factor value. Then, its impedance curves are more smooth, while the electrically small ZORs are strong resonant structures, and they have larger Q factor values. Then, their impedance curves appear relatively cliffy.
To further reveal the characteristics of the resonant modes, parametric studies are conducted as shown in Figure 6 and Figure 7 . Figure 6 presents the results for the parameters m 1 and m 2 . Note that the changes of m 1 and m 2 only move the vias. As shown in Figure 6 of the L-shape ZOR and T-shape ZOR, respectively, it is expected that the corresponding resonant frequency will be changed by adjusting the parameters. As shown in Figure 7 The results in Figure 6 and Figure 7 confirm the independency of the resonators. Then, the three resonant frequencies of the proposed ZOR-based antenna can be tuned by adjusting their corresponding parameters. Though tuning one resonant mode would have some impacts on the other resonant modes owing to modes couplings discussed in Figure 4 , these impacts are very small, and the resonant frequencies can still be tuned with little effect on the other.
The radiation patterns of the proposed T/L ZOR antenna are measured by the NSI2000 system in a microwave anechoic chamber as shown in Figure 8 because the sizes of the L-shape and T-shape ZORs are electrically small ((microstrip antenna size 0.25λc × 0.40λc, L-shape ZOR size 0.13λc × 0.10λc, T-shape ZOR size 0.13λc × 0.098λc)), then, their gains are small as antenna gain is related to the antenna size. At the microstrip patch mode, its gain is comparable with the RMA. The efficiency curve of the proposed antenna is also demonstrated in Figure 9 . The antenna efficiency of the proposed antenna is not bad in the band, such as 93%, though the efficiencies drops a little near the ZOR modes. At the ZOR frequencies (f 0 and f 2 ) of the antenna, the antenna's radiation efficiencies are 83% and 80%, respectively. Though the gains of the ZOR modes are smaller than the microstrip patch mode, they still obtain moderate values. Moreover, the embedded ZORs maintain compact size of a microstrip antenna while enhancing the impedance bandwidth. Thus, the proposed antenna is useful for wireless applications.
CONCLUSION
In this paper, a wideband T/L-shaped ZOR microstrip antenna is proposed. The T/L-shaped ZORs are embedded in the microstrip antenna, then, the merging of the microstrip patch mode and ZOR modes leads to bandwidth enhancement. The bandwidth of the proposed antenna increases 70% compared to the RMA. The corresponding impedance bandwidth is 5.06-5.40 GHz, covering the 5.15-5.35 GHz wireless local area network (WLAN) band. Good radiation patterns and gain curves are also obtained. The characteristics and operational mechanism of the proposed antenna are discussed. The design method can be easily applied to other frequency bands.
